Abstract Relationships among geomorphology, hydrostratigraphy, and groundwater quality with special emphasis on arsenic and salinity have been analyzed in the Bangladesh part of the Western Ganges Delta (WGD). On the basis of the presence of characteristic geomorphic features, the study area is divided into two geomorphic units: fluvial deltaic plain (FDP) and fluvio-tidal deltaic plain (FTDP). Lithostratigraphic sections demonstrate that FDP is composed predominately of sandy material whereas FTDP is characterized by alternation of sand and clay/silty clay material. Hydrostratigraphically, FDP is characterized as a single aquifer system, whereas FTDP is a complex multi-aquifer system. Spatial distributions of arsenic concentrations in groundwater reveal that elevated arsenic ([0.01 mg/l) occurs mostly in the FDP. Occurrences of high arsenic in deeper part of the aquifer system ([100 m) in the FDP, particularly in the south-western part, is probably due to the absence of any prominent impermeable layer between the shallow and deeper part of the aquifer system. Distributions of chloride concentrations show an increasing trend in groundwater salinity from north to south, i.e., from FDP to FTDP.
Introduction
The Ganges Delta plain, the southwestern portion of the Bengal Basin, is mainly formed by channel-interchannel and overbank deposits of the river Ganges and its numerous tributaries and distributaries (Alam et al. 2003; Ravenscroft 2003) . The recent sedimentation in the plain has been largely controlled by Holocene sea-level change leading to formation of several surface features (Ravenscroft 2003) . Topographically, a gently sloping (between 0.05 and 0.01 m/km) fluvial area in the northern region grates to the nearly flat (less than 0.01 m/km) setting in the south where ground elevation is \1 m above MSL (Shamsudduha et al. 2009 ). The extensive floodplain of the Ganges Delta is characterized by agricultural and agro-based socio-economic activities where the geological set up and the tectonic events indicate that the geomorphic characteristics are the key factors which form the most fertile land (Jha and Bairagya 2011) . Groundwater provides over 90% of drinking water, and about 70% of irrigation supplies in this region (Hasan et al. 2007 ). However, excessive arsenic and salinity in groundwater adversely affects human health and threatens the yield of irrigated crops across the widespread floodplains of the Ganges (BGS/DPHE 2001; Smedley and Kinniburgh 2002; Das et al. 2009; Brammer and Ravenscroft 2009; Ravenscroft et al. 2009 ).
The aquifer system in the Ganges Delta occupies the uppermost few hundred meters of the stratigraphic sequence (Hoque et al. 2011 ) and the hydrogeological structure of the aquifer system is determined by the Pleistocene to Holocene evolution of the Basin (Hoque & Md. Ilias Mahmud mdiliasm1988@gmail.com 2010; Burgess et al. 2010 ) integrating a long history of fluvial/deltaic deposition (Ravenscroft 2003) , basin subsidence (Goodbred and Kuehl 2000) and erosion occurring in channels and interfluves across the floodplain (Hoque et al. 2011) . Collectively, these processes permitted the preservation of many hundred meters of the permeable sediments. The quality of groundwater in the plain has been influenced by late Quaternary stratigraphy, geomorphology and sedimentation (Ahmed et al. 2004; Mukherjee 2006; Acharyya and Shah 2007; Hasan et al. 2007; Muley et al. 2010) . Examples can be drawn from the variation in degree of As enrichment in groundwater in different geomorphic units of the Ganges Delta (Ravenscroft 2001; Ahmed et al. 2004) ; availability of good aquifers in Quaternary sediments of Bangladesh and As-enrichment in Holocene alluvial aquifers (Ahmed et al. 2001; McArthur et al. 2001) .
The strategic importance of groundwater in the Bengal Basin has prompted several hydrogeolgical (e.g., Burgess et al. 2002; Cuthbert et al. 2002; JICA 2002; van Wonderen 2003; Nishat et al. 2003; Harvey et al. 2006 ) and hydrostratigraphic analyses (e.g., Ravenscroft et al. 2005; Mukherjee et al. 2007; McArthur et al. 2008; Michael and Voss 2008; Burgess et al. 2010; Biswas et al. 2014; Ghosal et al. 2015) . However, comparative studies to delineate hydrostratigraphic and groundwater quality variations in different geomorphic units in the Ganges Delta are still lacking. Even a complete geomorphological map of the Fig. 1 Location map of the study area (redrawn after Rogers et al. 2013) Ganges Delta is not available. In this paper, authors attempt to identify the major geomorphic units in Bangladesh portion of WGD and the variations in hydrostratigraphy and groundwater quality between them.
The study area
The investigated area forms the western part of the Ganges Delta and is included in the southwestern portion of the Bengal Basin (Fig. 1) . The Gorai-Madhumati river separates the Western Ganges Delta from Eastern Ganges Delta. The extent of WGD has been considered to be bounded by the Bhagirathi-Hooghly river on the west and the Gorai-Madhumati river on the east. The Western ) along with depth and location information were also collected from the DPHE for mapping special and depth characteristics of groundwater quality.
Geomorphic features were identified by visual analysis of satellite images through combined observation of shape, tone, texture, location extent and unsupervised image classification, together with the use of normalized difference vegetation index (NDVI). Image pre-processing and processing were performed using ERDAS IMAGINE 9.2 (ERDAS IMAGINE, Leica Geosystems Geospatial Imagine, LLC). All identified features were digitized to a common coordinate system, overlapped and presented using ArcGIS 10 (ESRI ArcGIS, Redlands, CA: Environmental Systems Research Institute) to produce a geomorphological map. Borelog and groundwater quality data were organized in Excel Spreadsheets (Microsoft Corporation, 2010) . Based on litholog data, two north-south and three east-west manually interpolated lithologic cross sections were produced with RockWorks15 (Rockware, Golden, Colo., USA) to illustrate detailed depictions of the aquifer framework. Groundwater quality data were imported into ArcGIS 10 to decipher both spatial and vertical variability of the considered quality parameters.
Results and discussion

Identification of geomorphic features
The study area is covered with croplands, settlements, water bodies and bare lands which are related to the physiographic and geomorphic evolution of the land surface. In the satellite images, it is possible to identify land use (crops, forest, water bodies, and bare fields), whereas identification of geomorphic features relies on indirect approaches based on the pattern of land use. Visual analysis, image classification and NDVI have been used to identify different geomorphic features which are manually digitized and presented on a map. The major boundaries between geomorphic units are qualitatively defined by sharp changes in tone. A list of the geomorphic features identified in the study area (Table 1 ) and the criteria for identifying them from the satellite images are discussed below.
The natural levees are high land compared to surrounding floodplain and are generally unaffected during (2017) Landsat 8 imagery. Swales are identified by their existence in between ridges. In CIR band combination of Landsat 8 imagery bright white reflection from elongated area within the river channel is considered to identify channel bars. The mangrove swamp is criss-crossed by innumerable tidal rivers and creeks. Deeper red color in CIR band combination of Landsat 8 imagery and high NDVI (around 0.68) values indicate mangrove swamp area. The low-lying floodplains adjacent to natural levees may contain marshy areas known as backswamps. They are identified based on scattered light reddish tones within black tones in Landsat 8 imagery with CIR band combination and through unsupervised classification. After identification of backswamp, ox-bow lake and mangrove swamp, remaining water logged area is described as other wetland.
Geomorphological mapping
A regional geomorphological map of the WGD was developed by overlapping digitized layers of identified geomorphic features (Fig. 2) . Based on identified characteristic geomorphic features the WGD is divided into two broad geomorphic units viz. fluvial or upper deltaic plain (FDP) and fluvio-tidal or lower deltaic plain (FTDP) (Fig. 3) . The boundary between FDP and FTDP was drawn considering the inland limit of saline influences (about 3 m above mean sea level) and the distribution of tidal channels and creeks (Allison 1998; Allison et al. 2003) . Though mangrove swamp is a part of the fluvio-tidal deltaic plain; it is included in Fig. 3 because of its larger areal extent. The FDP is characterized by ox-bow lakes, meandering scrolls, natural levees, backswamps, etc. FDP is formed by the deposition of present and past meandering rivers and is drained by the major distributaries and sub-distributaries of the Ganges river such as the Madhumati, Betna, and Bhairab rivers. On the other hand, the FTDP is formed by the deposition of fluvial rivers as well as tides. FTDP is distinguished by mangrove swamp, and numerous tidal canals and creeks. The lower parts of the major distributaries and sub-distributaries of the Ganges river like the Haringhata, Burishwar, Bishkhali, Tetulia, Pusur, Shibsa, and Hariabhanga rivers drain the FTDP. Following the recognition and delineation of aforementioned geomorphic features, remaining areas in FDP and FTDP are defined as river floodplain and tidal floodplain, respectively.
Hydrostratigraphy
The lithologic cross sections prepared from borelogs represent subsurface stratigraphic characteristics of the study Fig. 8 Spatial distribution map of chloride concentrations at various depths in relation to geomorphic units area. They also provide detailed picture of the aquifer framework (Mukherjee et al. 2007 ), i.e., hydrostratigraphic settings. Due to the absence of reliable dates for aquifer sediments from different depths, the delineation of hydrostratigraphy of the study area has been based on sediment grain size. The lithology of the borelogs is recorded at sub-meter vertical resolution and it consists of six major types of unconsolidated sediments: coarse sand with gravel, coarse sand, medium sand, fine sand, silty clay and clay. From the hydrostratigraphic point of view, these sediments have been categorized as aquifer (sand and gravel) and aquitard (clay and silty clay). Sediment color has not been documented in the borelogs. For the purpose of this study, only the major sediment types are used for identifying the various hydrostratigraphic units. A relatively thin soil horizon with a typical thickness of 2-3 m covers the study area; this soil horizon has not been described separately, rather it is merged with the top clay layer. Two north-south and three east-west manually correlated lithologic section lines (Fig. 4) have been constructed to identify variations in hydrostratigraphy between FDP and FTDP along with variations in each unit.
EW cross sections
Three transects viz. AA 0 , BB 0 , CC 0 (Fig. 5) are constructed considering the geomorphology of the study area: transect AA 0 passes through the fluvio-tidal deltaic plain; transect BB 0 goes through the transitional zone between FDP and FTDP; and CC 0 cross section depicts fluvial deltaic plain area.
At the top of section AA 0 that characterizes FTDP, a discontinuous clay layer extends from the surface to a depth of about 6-67 m. A thick sandy deposit extending from east to west at about 6 m to more than 150 m depth underlying the surficial aquitard serves as the main regional aquifer. In many places, this main aquifer has been separated into multiple layers by the occurrence of extensive, thick, discontinuous aquitards of varying depths (between 100 and 300 m). The deeper aquifers are interconnected and confined to semi-confined in nature. An extensive, thick basal clay/silty clay layer at around 300 m depth marks the division between the aquifers above and below this aquitard. Overall, the section shows that the fluviotidal deltaic plain is dominated by clay to silty clay deposits and characterized by a complex multi-aquifer system of confined to semi-confined nature.
The top most aquitard is relatively thin and discontinuous along the section BB 0 . This section is also dominated by clay and silty clay deposits and characterized by intercalation of clay, silty clay and sand layers of varying thickness. The most noteworthy characteristic of this section is the presence of isolated sand bodies of various sizes at different depths where the aquifers are patchy in nature and occur at different depths.
In section CC 0 that represents the FDP, the upper clay layer is very thin and its thickness, in general, increases from east to west from about 6-18 m. Just below this uppermost aquitard, the whole section is dominated by sandy deposits mostly consisting of fine to coarse grained sand. Moreover, two gravel horizons occur at depths of about 100-150 m, probably indicating paleo-channels (Mukherjee et al. 2007) . Though this huge sandy deposit is separated in some places by thin and discontinuous clay and silty clay layers, it may be considered as a single aquifer system.
NS cross sections
Two north-south trending cross sections (Fig. 6 ) are constructed for the study area keeping alignment almost parallel to the Gorai-Modhumati river covering the major geomorphic units. The cross sections DD 0 and EE 0 pass through the eastern and the western part of the study area, respectively. It is clearly seen from the cross sections that proportions of fine grain particles increase (but coarse grain particles decrease) towards south as it approaches from fluvial to tide dominated area. The aquifer changes gradually from unconfined to semi-confined/confined character towards the south. The northern part shows single aquifer system and aquifer complexity increases towards the south where it ends up as a multi-layer aquifer system. Several studies in Bangladesh (Ravenscroft 2003; Ahmed et al. 2004; Shamsudduha and Uddin 2007; Shamsudduha et al. 2011; Ayers et al. 2016 ) and West Bengal (Acharyya et al. 2000; Bhattacharya et al. 1997; Goodbred et al. 2003; Shamsudduha and Uddin 2007; Biswas et al. 2014; Ghosal et al. 2015) have stated the existence of multi-aquifer system in the Ganges Delta plain. Generalized classification schemes define two aquifer units: shallow aquifers (occurring within a depth of 150 m) and deep aquifers (occurring at depths below 150 m) in Bangladesh (Ahmed et al. 2004 ). On the contrary, Michael and Voss (2009) have represented the aquifer system in Bangladesh as a single, homogeneous, anisotropic aquifer extending over the entire basin. Mukherjee et al. (2007) have mentioned the presence of a major single aquifer system in the Western Bengal Basin and the increase of complexity and locally division into multi-aquifer system towards south. However, none of the study has completely described the hydrostratigraphic differences between the upper and lower Ganges Delta plain. In summary, based on the previously described lithologic cross sections, significant difference in hydrostratigraphy has been identified for FDP and FTDP. The FDP is characterized by a major single aquifer system, which is mostly unconfined to semi-confined in nature. It comprises of a composite sequence of meandering river-born deposits with a dominance of coarser grained particles, which forms most of the hydrostratigraphic unit (Bhattacharya et al. 1997) . One the other hand, FTDP is distinguished by a Fig. 10 Spatial distribution map of arsenic concentrations at various depths in relation to geomorphic units complex multi-aquifer system of confined to semi-confined nature. The FTDP comprises of a complicated mud-sand stratigraphy, which have resulted from tidal channels, eustatic influence and marine transgression (Allison et al. 2003; Goodbred et al. 2003 Goodbred et al. , 2014 Umitsu 1993a, b; Islam and Tooley 1999; Goodbred and Kuehl 2000) .
Groundwater quality
High salinity, arsenic and iron in groundwater are the major water quality constraints in the study area for drinking purposes (e.g., Smith et al. 2000; Ravenscroft 2003 , Ravenscroft et al. 2005 . The status of the water quality parameters in groundwater of the major geomorphic units is discussed focusing their vertical and spatial distribution pattern considering WHO (2011) and Bangladesh drinking water standards (BDWS) (DoE 1997).
Salinity
Depth distribution pattern of chloride concentration (Fig. 7) in the groundwater of FDP and FTDP does not show any distinct trend with depth. However, a significant number of groundwater samples from FDP at depths greater than 100 m are relatively low in chloride concentrations (\100 mg/l) but majority of the samples from FTDP at similar depths show higher chloride concentrations ([100 mg/l). Almost, 17% of 86 samples in the FTDP exceed the upper limit of BDWS for chloride (600 mg/l) but only about 4% of 529 samples in the FDP go above the same limit.
Spatial distribution map of chloride concentrations (Fig. 8) at various depths show that concentration is comparatively low in FDP, but it gradually increases towards south, i.e., in the FTDP as it approaches the coastal plain. However, a high heterogeneity in distribution of chloride concentrations is also evident which needs additional investigations. But high chloride concentration in FTDP is rather depth not geomorphically controlled.
Arsenic
About 83% wells having depth greater than 100 m in the FTDP show low As concentration (\0.01 mg/l) in groundwater and none of the 89 samples in FTDP exceeds BDWS for As (0.05 mg/l). On the contrary, 27% of 553 wells in FDP with depths greater than 100 m show high arsenic concentrations ([0.05 mg/l) in groundwater (Fig. 9) .
Spatial distribution map of groundwater arsenic concentrations (Fig. 10) show elevated As concentrations mostly in the southwestern part of the FDP covering Jessore district and adjoining areas. Almost 50% of the wells with depths greater than 100 m in those particular areas exceed BDWS for As concentration.
Generally, in Bangladesh and West Bengal state of India, high As concentration occurs mostly in shallow aquifers at depths less than 100 m (Bhattacharya et al. 1997; BGS/DPHE 2001; van Geen et al. 2003; Ahmed et al. 2004; Biswas et al. 2014) . Occurrence of high arsenic in aquifer at greater depths ([100 m) in the FDP, particularly in Jessore and adjoining areas, is unusual and it is comparable with high As concentrations at Chakdaha block of West Bengal, India (Biswas et al. 2014 ) located just west of Jessore district in Bangladesh. Analysis of several lithologs (Fig. 5 section CC 0 ) reveals that the aquifer system in this area is underlain by a clay layer of variable thickness (0-20 m) and is composed of sands, gravelly sands with little or no clay down to a depth of 200 m. The absence of any prominent impermeable layer between the shallow and deeper part of the aquifer system results in an overall higher permeability and lower vertical anisotropy that make aquifer systems hydrodynamically connected allowing vertical contamination of arsenic from the shallow into the deeper part of the aquifer system.
Iron
Iron concentrations in groundwater of the study area do not show any particular relationship with depth. Iron concentrations are slightly higher in the study area, a common characteristic of water in many parts of Bangladesh. Approximately, 29% of 85 samples in the FTDP exceed the upper limit of BDWS for iron (1 mg/l), while the percentage is above 35 for the 566 samples of the FDP (Fig. 11) .
Spatial distribution map of iron concentrations at various depths does not show any particular trend in relation to geomorphology (Fig. 12) . 
Conclusions
Geomorphic evolution of the WGD is complex and has been affected by various processes and factors like shifting of the rivers, sediments load carried by rivers, neotectonic activities, sea-level changes, etc. All these factors can bring in different hydrostratigraphy and groundwater quality under varying geomorphic conditions. The study area has been divided into two broad geomorphic units: the fluvial deltaic plain (FDP) and the fluvio-tidal deltaic plain (FTDP) based on the characteristic geomorphic features. FDP is characterized by dominance of larger percentage of coarser (sandy) channel deposits, while FTDP is distinguished by alternating sand and clay layers and relatively greater percentage of finer overbank deposits (silt and clay). Hydrostratigraphically, the FDP is characterized by a single aquifer system whereas the FTDP shows a complex multi-aquifer system.
Occurrence of elevated As concentration at greater depths mostly in the southwestern part of the fluvial deltaic plain demonstrates relationship with geomorphology and aquifer geometry. Gradual increase in salinity from FDP to FTDP is related to tide and sea water intrusion. Though iron concentration does not show any particular spatial relationships, considerable amount of samples both in FDP and FTDP shows little high iron concentrations. As there Fig. 12 Spatial distribution map of iron concentrations at various depths in relation to geomorphic units are notable variations in water quality parameters, detailed investigations involving larger number of samples and isotopic analysis can put further light on the causative reasons for such variations.
